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Chromaffin vesicles storing catecholamines also pack as much as 150 mM ATP and 2 mM opioid peptides leucine-and methionine-enkephalin (Met-enk; Ref. 66 ). Since these peptides and ATP are coreleased with catecholamines during cell activation (16) , we proposed that endogenously released ATP and opioids could inhibit I Ca as exogenous ATP and opioids do (2, 29) . In previous studies (33) , we demonstrated this hypothesis through three strategies: 1) by exogenous application of a soluble chromaffin vesicle lysate; 2) by doing stop-flow experiments to allow the endogenously released ATP and opioids to accumulate near the chromaffin cell being explored; and 3) by stimulating secretion from cells surrounding the cell from which I Ca was being explored.
Modulation of VDCCs may occur in various different ways. As in neurons (8, 9, 21, 62) , N-and P/Q-type channels of chromaffin cells are inhibited by neurotransmitters (i.e., ATP, opioids, and catecholamines) in a voltage-dependent manner (10, 33, 35) ; this process has been extensively examined at the molecular (32, 43) and single-channel (13) levels. A similar, but voltage-independent, regulation also takes place on L-type channels (10, 17, 29, 33) . Thus P 2y purinergic, -and ␦-opioidergic, and ␤ 2 -adrenergic receptors modulate VDCCs by decreasing peak current amplitude (14) . This membrane-delimited phenomenon is closely related to that seen in neurons (38) , implicating a G protein coupling to VDCCs (24, 32) . However, at present there is no evidence on whether the regulatory mechanisms discovered in cultured cells are present in intact adrenal medullary tissue, and whether the modulation by endogenously released ATP and opiates occurs in such tissue.
The harsh dissociation procedures used to isolate chromaffin cells and the tissue culture conditions can significantly modify the expression and regulation of the different VDCC subtypes (67) . An additional source of variation of Ca 2ϩ signaling in the intact tissue arises from organization of chromaffin cells in clusters surrounded by connective tissue and innervated by cholinergic terminals from the splanchnic nerve (44) . In 1965, Coupland (20) reported that rat chromaffin cells receive various synaptic inputs from splanchnic nerve terminals; on the other hand, in 1992 Iijima et al. (42) found that these cells were organized into clusters, innervated by several fibers that function as units. This anatomic arrangement can have important physiological implications. For instance, Holman et al. (39) proposed the existence of a weak electrical coupling between clusters of neighboring chromaffin cells, and Martin et al. (52) reported that ionic currents and diffusible signaling molecules can be exchanged between neighboring cells via gap junctions. Acetylcholine and other biologically active substances released from nerve terminals are present probably at relatively high concentrations in the restricted extracellular space between cells (6). Finally, it is likely that the close cell packing in the intact tissue augments paracrine and autocrine effects. That differences exist between chromaffin cells in culture and those in their intact environment is proven by the observation that a high level of colocalization of L-, N-, and PQ-type channel clusters with microdomains of target membrane soluble Nethylmaleimide-sensitive factor attachment protein (SNAP) receptors (t-SNAREs) syntaxin 1 and SNAP-25 is present in adrenal medulla slices but not in isolated cells (48) . Furthermore, a rapid component of exocytosis, absent in isolated cells, is present in mouse adrenal slices (55) .
In the light of these fundamental differences, we decided to perform the present patch-clamp study in freshly isolated mouse adrenal slices containing chromaffin cells in their natural environment. The acute slice preparation is amenable to physiological studies because cells are accessible in their native environment, with all these interactions maintained (64) . We investigated the following aspects: 1) pharmacological dissection of the subcomponents of I Ca ; 2) their regulation by exogenous application of ATP and Met-enk; and 3) their autocrine/paracrine regulation by endogenously released ATP and Met-enk.
We discovered the presence of a tonic inhibition of I Ca that was unmasked by purinergic and opiate receptor blockers. This suggests that in the intact tissue adrenal chromaffin cells cross talk with neighboring cells through the endogenous release of ATP and opiates. As far as we know, this is the first study demonstrating the tonic modulation of VDCCs by endogenously released neurotransmitters in intact adrenal medullary tissue. In addition to the physiological significance of these findings in understanding the regulation of catecholamine secretion, the possibility of extending these studies to transgenic mice opens new avenues for studies of Ca 2ϩ signaling and exocytosis under the more physiological conditions of the adrenal slice.
MATERIALS AND METHODS
Preparation of mouse adrenal slices. All experiments were carried out in accordance with the guidelines established by the National Councils on Animal Care and were approved by the local Animal Care Committees of the Universidad Autónoma de Madrid and the Universidad Nacional Autónoma de México. Adult C57 (BALB/c) mice (4 -8 wk old) were used in this study. Animals were killed by cervical dislocation, and the adrenal glands were immediately removed and immersed in ice-cold Ca 2ϩ bicarbonate-buffered saline (BBS) containing (in mM) 125 NaCl, 2.5 KCl, 2 CaCl 2, 1 MgCl2, 26 NaHCO 3, 1.25 NaH2PO4, and 10 glucose; the solution was continuously gassed with 95% O 2-5% CO2. Glands were trimmed of excess fat and embedded in 3% low-gelling-point agarose that was prepared by melting agar in Ca 2ϩ BBS at 100°C, followed by equilibration at 35°C. The agarose was gelled on ice after tissue embedding. The agarose block was trimmed to ϳ5-mm cubes that contained a single gland each and glued to a tissue stand that was then placed in the slicing chamber of a vibrating blade microtome (Leica VT-1000S) and filled with ice-cold, bubbled Ca 2ϩ BBS. Adrenal glands were sectioned into 150-m-thick slices that were collected and kept in the low-Ca 2ϩ BBS at 25°C until recording. Experiments were performed 2-8 h after slice preparation.
Current recordings, data acquisition and analysis. I Ca were recorded with the whole cell configuration of the patch-clamp technique (31) . Whole cell recordings were performed with fire-polished glass pipettes (resistance 2-5 M⍀) filled with intracellular solution containing (in mM) 10 NaCl, 14 ethylene glycol-bis(␤-aminoethyl ether)-N,N,N=,N=-tetraacetic acid (EGTA), 100 CsCl, 20 tetraethylammonium chloride, 2 MgCl 2, 5 MgATP, 0.3 NaGTP, and 20 N-2-hydroxyethylpiperazine-N=-2-ethanesulfonic acid (HEPES)-CsOH (pH 7.3, 270 mosmol/kgH 2O). In some experiments we used the perforatedpatch configuration of the patch-clamp technique. The perforated patch was obtained with pipettes containing 50 -100 g/ml amphotericin B as permeabilizing agent (60) and a pipette-filling solution containing (in mM) 135 KCl, 10 NaCl, 2 MgCl2, 10 HEPES, and 5 EGTA (pH 7.3 with KOH). Amphotericin B was dissolved in dimethyl sulfoxide and stored at Ϫ20°C in stock aliquots of 50 mg/ml. Fresh pipette solution was prepared every 2 h. To facilitate sealing, the pipette was first dipped in a beaker containing the internal solution and then back-filled with the same solution containing amphotericin B. Recordings started when the access resistance decreased below 15 M⍀, which usually happened within 10 min after sealing. Electrodes were connected by means of a silver wire to the headstage of an EPC-10 patch-clamp amplifier (HEKA Electronic, Lambrecht, Germany), allowing cancellation of capacitive transients and compensation of series resistance. Data were acquired with sample frequency ranging between 5 and 10 kHz and filtered at 1-2 kHz. Recording traces with leak currents Ͼ25 pA or series resistance Ͼ20 M⍀ were discarded. Slices were placed on an experimental chamber mounted on the stage of a Nikon upright microscope (Eclipse FN1, Nikon, Tokyo, Japan). During seal formation, and once the patch membrane had been ruptured and the whole cell configuration established, the cell being recorded and the surrounding area were locally, rapidly, and continuously superfused with the BBS solution. For ICa recording, the cells were bathed with a solution containing (in mM) 113 NaCl, 2.5 KCl, 10 CaCl2, 1 MgCl2, 26 NaHCO3, and 10 glucose, gassed with 95% O2-5% CO2. External solutions, containing 1 M tetrodotoxin (TTX), were rapidly exchanged. The common outlet of the perfusion system was placed within 100 m of the cell to be patched, and the flow rate (1.5 ml/min) was regulated by gravity to achieve complete replacement of the cell surroundings within Ͻ200 ms. Data acquisition and analysis were performed with the Patchmaster program (HEKA Elektronic). All experiments were performed at room temperature (22-25°C) .
Because drugs applied to the external solution did not affect the liquid junction potential (LJP), the indicated voltages were not corrected for the LJP at the interface between the pipette solution and the bath, which were 4.01, 3.35, and 3.29 mV in 2 mM Ca 2ϩ , 10 mM Ca 2ϩ , and 10 mM Ba 2ϩ in the bath solution, respectively, in whole cell recording and 4.25 mV when the perforated-patch configuration was used.
Stock solutions. Nifedipine (10 mM) was prepared in ethanol and diluted in the extracellular solution to the required final concentration (3 M). At the highest concentrations used (0.1%), ethanol did not affect ICa. -Conotoxin GVIA and -agatoxin IVA were prepared as 0.1 mM stock solutions in distilled water and kept in aliquots at Ϫ20°C until use. Nifedipine, NNC 55-0396, ATP, Met-enk, suramin, naloxone, guanosine 5=-[␤-thio]diphosphate (GDP␤S), amphotericin B, and agarose were purchased from Sigma-Aldrich (Mexico City, Mexico). -Conotoxin GVIA and -agatoxin IVA were supplied by Peptide Institute (Osaka, Japan). TTX was purchased from Tocris (Ellisville, MO). General components for saline solutions were bought from Sigma-Aldrich.
Statistical analysis. Results are expressed as means Ϯ SE. Oneway ANOVA followed by Tukey's multiple comparison test was used, and a P value Յ 0.05 was taken as the limit of significance.
RESULTS

Characterization of I Ca in mouse chromaffin cells recorded in intact tissue.
From a holding potential of Ϫ80 mV, I Ca was elicited with 50-ms depolarizing square pulses applied in 10-mV increments up to ϩ60 mV. With 10 mM Ca 2ϩ as charge carrier, I Ca activated at Ϫ30 mV, peaked at around 0 mV, and exhibited an apparent reversal potential at about ϩ60 mV. The peak current-to-voltage relationship (I-V curve) is shown in Fig. 1A . I Ca elicited in the range from Ϫ50 to Ϫ40 mV were either very small or absent and did not show fast activation or inactivation (Fig. 1B, insets) . This ruled out the presence of a significant contribution of low-threshold T-type Ca 2ϩ channels (15) . This was further corroborated by experiments showing that the selective T-type Ca 2ϩ channel blocker NNC 55-0396 (41) did not affect I Ca (data not shown). When 2 mM Ca 2ϩ was used instead of 10 mM, the I-V curve shifted 10 mV to negative voltages; thus I Ca activated at Ϫ35 mV and peaked at around Ϫ10 mV ( 
was used to fit the data (g max is the peak conductance, V 1/2 is the half-activation voltage, and k a is the steepness parameter). After current data were transformed to normalized conductance, activation curves were plotted as a function of the corresponding voltage steps (Fig. 1C) . The half-activation potentials (V 1/2 ) obtained were Ϫ24.3 and Ϫ16.6 mV, with k a values of 6.3 and 6.5 (at 2 and 10 mM external Ca 2ϩ , respectively).
Isolation of voltage-dependent Ca
2ϩ channel subtypes in adrenal slices. The order of cumulative addition of various toxins to the same cell could change the fraction of current blocked. To rule out this problem, we tested the effects of only one blocker at a time per cell. In addition, -agatoxin IVA, whose blocking effect is insensitive to high divalent cation concentration, was used instead of -conotoxin MVIIC to dissect the contribution of P/Q-type Ca 2ϩ channels.
Nifedipine (3 M) blocked ϳ50% of I Ca and shifted the I-V curve ϳ10 mV toward more positive voltages (compare circles and squares in Fig. 2A ). The I-V curve for the L-type Ca 2ϩ current, obtained by subtracting values in the presence of nifedipine from control (triangles in Fig. 2A ), activated at more negative potentials than the non-L-type I Ca and peaked at around Ϫ5 mV (V 1/2 was Ϫ14.4 mV and Ϫ11 mV with k a values of 7.5 and 5.1 for control and nifedipine-resistant components, respectively). Considering the percentage of blockade at Ϫ20, Ϫ10, 0, ϩ10, and ϩ20 mV (78 Ϯ 6%, 65 Ϯ 6%, 49 Ϯ 3%, 47 Ϯ 4%, and 50 Ϯ 3%, respectively), it is clear that nifedipine blockade is voltage dependent, i.e., 80% at Ϫ20 mV and 50% at 0/ϩ10 mV (P Ͻ 0.001; n ϭ 8, except between Ϫ20 and Ϫ10 mV). I Ca also inactivated more quickly in the presence of nifedipine. These effects can be attributed to the fast open-channel block induced by dihydropyridines or to inactivation of N-P/Q currents remaining in the presence of nifedipine. The I-V curves of I Ca remaining after the application of 1 M -conotoxin GVIA or -agatoxin IVA shifted toward more negative voltages (Fig. 2, B-D) . The I-V curve of the N-type I Ca component obtained by subtraction (triangles in Fig. 2B ) shows that it activates at more positive potentials than control and peaks at approximately ϩ10 mV (V 1/2 ϭ ϩ15.1 mV, k a ϭ 14.5). Similarly, the I-V curves corresponding to the P-type and P/Q-type I Ca component activated at more positive potentials than the control curve (V 1/2 ϭ Ϫ12.1, k a ϭ 8.5 and Ϫ6.6 mV, k a ϭ 5.8) and peaked at 0 and ϩ10 mV, respectively (triangles in Fig. 2, C and D) . The I Ca blockade by -conotoxin GVIA and -agatoxin IVA (1 M) was voltage dependent, but in the opposite direction from nifedipine block (i.e., less blockade at more hyperpolarized potentials), whereas the blockade by -agatoxin IVA (20 nM) showed no voltage dependence. Figure 2 , A-D, bottom, illustrate the time course of I Ca blockade with the different blockers and their recovery upon washout. Nifedipine induced a fast I Ca inhibition of 49 Ϯ 3% (from 701 Ϯ 93 pA to 359.8 Ϯ 7 pA; P Ͻ 0.005) 30 s after the beginning of perfusion (n ϭ 9). Upon washout, I Ca recovered also with a relative slow kinetics ( Fig. 2A) . In contrast, -conotoxin GVIA caused a slower and milder inhibition of I Ca , reaching maximal blockade after 3 min (27 Ϯ 4%, from 562 Ϯ 49 pA to 411 Ϯ 51 pA; P Ͻ 0.03, n ϭ 7; Fig. 2B, bottom) . This blockade was irreversible even after 10-min washout. -Agatoxin IVA (20 nM) caused a slow and small blockade of I Ca (24 Ϯ 5%, from 547 Ϯ 46 pA to 412 Ϯ 47 pA; P Ͻ 0.03, n ϭ 7), which was not reversed after toxin washout (Fig. 2C,  bottom) . At 1 M, -agatoxin IVA caused a fast blockade of I Ca , reaching 33 Ϯ 6% inhibition (from 546 Ϯ 86 pA to 355 Ϯ 45 pA; P Ͻ 0.03, n ϭ 8) after 1 min of toxin perfusion (Fig.  2D, bottom) . After toxin washout, no recovery of current blockade was observed. In conclusion, the contribution of each channel type to I Ca was 49% L-type, 27% N-type, 24% P-type, and 9% Q-type channels. These data are similar to those previously reported in cultured mouse chromaffin cells with 2 and 10 mM Ba 2ϩ as charge carrier (36) . In addition, the combination of nifedipine (3 M), -agatoxin IVA (1 M), and -conotoxin GVIA (1 M) caused a slow and complete inhibition of I Ca , reaching maximal blockade after 3 min (n ϭ 6; Fig. 3A ) in a partially reversible manner. Subsequent application of CdCl 2 (100 M) did not produce additional inhibition. Therefore, a resistant component of I Ca was not detected in mouse chromaffin cells in situ. However, in the study by Albillos et al. (3) , performed in mouse adrenal slices with the perforated patch-clamp technique, R-type channels accounted for 15% of I Ca , and the same authors did not find a residual I Ca under the whole cell configuration. Chan et al. (18) , using the same experimental model in the perforated-patch configuration, concluded that the majority of Ca 2ϩ entry is through R-type channels. To solve this discrepancy, we performed the same experiment but using the perforated-patch rather than whole cell configuration. Under these conditions, the application of -conotoxin GVIA (1 M), -agatoxin IVA (1 M), and nifedipine (3 M) combined caused a 79.9% inhibition of I Ca (from 352.3 Ϯ 20.8 pA in control to 73.3 Ϯ 16.3 pA in the steady state of blocker's effects, n ϭ 6; Fig. 3B ). The application of CdCl 2 (100 M) inhibited the remaining resistant current. So, in the perforatedpatch condition, R-type calcium channels contribute 20.7 Ϯ 4% of the total current in mouse adrenal slices.
Considering that I Ca elicited in the range from Ϫ50 to Ϫ40 mV was either very small or absent and did not show fast activation or inactivation (Fig. 1A) , we concluded that this ruled out the presence of a significant contribution of lowthreshold T-type Ca 2ϩ channels. To further support this conclusion, we evaluated whether the selective T-type channel blocker NNC 55-0396 (41) was able to block a component of I Ca . The V 1/2 obtained were Ϫ19.2 mV (k a ϭ 6.5) at control and Ϫ19.9 mV (k a ϭ 6.7) during application of 10 M NNC 55-0396. The time course demonstrated that peak amplitude of I Ca remained constant during the experiment, with no sign of blockade exerted by NNC 55-0396 and without modification of the kinetic parameters. The same result was obtained in eight cells tested (data not shown). Upon increase of drug concentration to 50 M, a nonspecific blockade of 80% of I Ca was observed. The selectivity of the NNC 55-0396 to block T-type calcium channels was evaluated on HEK-293 cells expressing the Ca V 3.2 subunit (kindly supplied by Dr. Juan Carlos Gomora). The T-type current elicited by applying a 500-ms square depolarizing pulse to Ϫ30 mV was almost completely blocked by 10 M NNC 55-0396 (from 1,570 Ϯ 196 pA to 7 Ϯ 1 pA, n ϭ 3) (data not shown).
Autocrine/paracrine modulation of Ca 2ϩ channels exerted by ATP and methionine-enkephalin. The modulation of VDCCs becomes critical for the exocytotic process. In isolated chromaffin cells in culture, Ca 2ϩ channels undergo inhibition mediated by different neurotransmitters (10, 17, 29, 33, 35 ; see DISCUSSION). Here we decided to explore the extent of I Ca modulation by ATP and opioids in chromaffin cells in situ. As shown in Fig. 4A , perfusion with 100 M ATP plus 10 M Met-enk reduced I Ca amplitude by 33 Ϯ 3% (from 498 Ϯ 48 Cd 2ϩ (100 M) was applied to block the residual current, and then normal saline was perfused to wash out blockers. Insets in A and B show superimposed representative current traces obtained before drug application and after the maximal effect of the blockers had been reached, at the times indicated by letters. B: experiment similar to that described for A but performed under the perforated-patch configuration. Note that blocker cocktail was unable to eliminate the total current. The residual current was blocked by Cd 2ϩ .
pA to 334 Ϯ 41 pA; P Ͻ 0.01). These effects occurred in 11 of 19 cells tested and were slowly reversed upon washout of the agonists (Fig. 4A) . The averaged data obtained from various cells showed that peak I Ca amplitude was decreased by 100 M ATP (30%, n ϭ 5) and 10 M Met-enk (34%, n ϭ 6) alone or in combination (33%, n ϭ 11), suggesting that the effects of these agonists are exerted through the same signaling pathway. This property is related to a shared pool of G i/o proteins. The effect of ATP and Met-enk, alone or in combination, was complete within 10 s and recovered completely after 40-to 60-s washout. The inhibition of I Ca by these agents could be repeated several times within the same cell without signs of desensitization. When the test pulse was preceded by a depolarizing prepulse to ϩ80 mV, a small voltage-dependent disinhibition or facilitation of I Ca was observed (Fig. 4B) , suggesting that modulation in basal conditions is small. Alternatively, I Ca modulation could be voltage independent, as may be expected from the high contribution of L-type Ca 2ϩ channels to the total current in this preparation (see Figs. 2 and 3 and DISCUSSION for details). In contrast, a greater voltagedependent disinhibition of I Ca was evident when exogenous ATP and opioids were present (32.32 Ϯ 3.9%) (Fig. 4B) . In 8 out of 19 cells, further I Ca inhibition produced by the application of exogenous ATP and opioids was small or absent (Fig.  4C) ; this suggests the existence in these cells of a strong tonic I Ca inhibition by endogenous and spontaneously released neurotransmitters. This idea is supported by the strong disinhibition caused by a depolarizing prepulse, either in the absence or in the presence of ATP/Met-enk (Fig. 4D) .
Stop-flow conditions reveal the presence of autocrine/paracrine modulation exerted by endogenously released compounds. During depolarizations, the endogenous release of neurotransmitters may act on autoreceptors present in the plasma membrane of the cell being tested. If these receptors are coupled to VDCCs, they should modulate I Ca . An experimental approach used to facilitate the binding of neurotransmitters to their autoreceptors consists of stopping the flow of the extracellular solution that bathes the preparation, and therefore the local concentration of endogenously released agonists should increase. In addition, Ba 2ϩ instead of Ca 2ϩ as charge carrier has also been used to induce long-lasting secretory activity because Ba 2ϩ is poorly chelated (65) and is a more powerful inducer of secretion (35) .
In 10 mM external Ca 2ϩ , after a period of stable I Ca recording in flow conditions we stopped the bath perfusion (stop-flow), and the amplitude of I Ca diminished gradually. Peak inhibition (ϳ20%) was reached after 3-4 min (current traces in Fig. 5A ). The current fully recovered after flow restoration. Prepulse depolarization relieved a fraction of I Ca lost during stop-flow conditions (27 Ϯ 4%, n ϭ 7; Fig. 5B ). The prepulse depolarization also revealed that a small fraction of I Ca was tonically inhibited even under flow conditions (534 Ϯ 7 pA to 574 Ϯ 7 pA in control and after prepulse, respectively; Fig. 5B ). The current activation showed a fast time constant ( fast ) of 0.32 Ϯ 0.1 ms and a slow time constant ( slow ) of 1.78 Ϯ 0.5 ms in stop-flow conditions that were not modified by the prepulse ( fast 0.36 Ϯ 0.08 ms and slow 1.73 Ϯ 0.4 ms, n ϭ 7). Figure 5C illustrates experiments carried out with 10 mM Ba 2ϩ as charge carrier. Under continuous flow, I Ba activated more quickly and showed less inactivation than when Ca 2ϩ currents recorded from a chromaffin cell with test potentials to 0 mV (50-ms duration) before, during the application of 100 M ATP ϩ 10 M Met-enk, and after washout. Holding potential was Ϫ80 mV. After a steady current was obtained in 10 mM Ca 2ϩ , agonists were applied during the time indicated by the horizontal bar. Inset: representative traces obtained before (a) and during (b) the inhibitory effect at the times indicated by a and b. B: current traces obtained at 0 mV depolarization with () and without a 30-ms preconditioning pulse to ϩ80 mV in control (left) and after perfusion with 100 M ATP ϩ 10 M Met-enk (right). Note the small facilitation observed under control conditions (tonic modulation) of ICa. The additional inhibition induced by the agonists was removed by the prepulse. C: same as A in a different cell. Note in this cell the complete lack of effect during the perfusion with 100 M ATP ϩ 10 M Met-enk. D: as in B; note a more significant facilitation exerted by the prepulse (control) and no additional inhibition of the current during agonist perfusion. Bar plots on the right represent amplitude of the peak current and % of current recovery elicited by the facilitatory prepulse under both conditions. Data are means Ϯ SE. **P Ͻ 0.01, Student's t-test. was used (see Fig. 5C, inset) . Under stop-flow conditions, I Ba was reduced by 25 Ϯ 4% (from 778 Ϯ 84 pA to 588 Ϯ 47 pA, n ϭ 7; P Ͻ 0.03). The I Ba records show that current activation slows down during stop-flow conditions. I Ba quickly returns to its control value under flow conditions. When the effects of depolarizing prepulses were tested, we found that I Ba was significantly modulated under flow conditions (29 Ϯ 4% ; Fig.  5D ); this inhibition was even greater during stop-flow (38 Ϯ 3%; Fig. 5D ), confirming that VDCCs in chromaffin cells in situ are persistently inhibited at rest. Differences in the kinetic parameter were raised when the traces were fitted to a double exponential function; the current activation showed fast of 0.38 Ϯ 0.03 ms and slow of 2.42 Ϯ 0.4 ms in stop-flow conditions that were modified by the prepulse to fast of 0.41 Ϯ 0.05 ms and slow of 1.72 Ϯ 0.2 ms (P Ͻ 0.05 when slow values were compared). Depolarizing prepulses were unable to recover I Ba completely to their initial values, showing that a significant fraction (ϳ60%) of I Ba inhibition is voltage independent, probably as a result of the larger contribution of L-type Ca 2ϩ channels to the total current. The inhibition induced by stop-flow conditions mimicked in all aspects that of exogenously applied ATP/Met-enk.
The blockade of K ϩ channels by Ba 2ϩ should depolarize neighboring cells, increasing the sustained neurotransmitter release (65) . Released substances will then accumulate more quickly surrounding the clamped cell and induce modulation of their Ca 2ϩ channels. Figure 6A illustrates the family of I Ba records obtained from a chromaffin cell in situ with (Fig. 6A , left) and without (Fig. 6A, right) ). The I Ba traces recorded with no prepulse activated at a slower rate compared with those recorded with prepulse, suggesting modulation of Ca 2ϩ channels by an autocrine mechanism. This was further revealed when a conditioning prepulse was applied to the same cell evoking a higher current with no sign of slowing-down current activation (Fig. 6A) . The I-V curves show that I Ba activated at Ϫ30 mV, peaked at around Ϫ5 mV, and had an apparent reversal potential at about ϩ50 mV (squares in Fig. 6B ). The family of current records obtained by the same test pulses, but proceeded by 30-ms prepulses to ϩ80 mV (Fig. 6A) , was measured and plotted (circles in Fig. 6B ). The conditioning prepulse produced a significant relief of inhibition or facilitation of I Ba , especially at the more depolarized test potentials, where the contribution of the non-L-type Ca 2ϩ channels is predominant (Fig. 6C) . Relief of inhibition was 4.2 Ϯ 3%, 9.6 Ϯ 4%, 19.9 Ϯ 3%, 28.4 Ϯ 9%, and 29.4 Ϯ 13% at Ϫ20, Ϫ10, 0, ϩ10, and ϩ20 mV, respectively. intact tissue are tonically modulated at rest and that I Ca can be partially recovered by strong depolarizing prepulses (Figs.  4 -6 ). The sustained inhibition could be explained by the accumulation of ATP and opioids, costored and coreleased with the catecholamines (66) that, acting through specific membrane receptors, lead to Ca 2ϩ channel modulation. To show more directly the tonic modulation of Ca 2ϩ channels by ATP and opioids, and to identify the receptors that could be involved in this autocrine/paracrine inhibition, suramin (100 M) and naloxone (10 M), antagonists of purinergic and opioidergic receptors, respectively, were used to prevent the binding of ATP and opioids to their receptors. Figure 7A shows a cell in which ATP and opioids exerted the modulation previously described. The application of these antagonists fully reversed the inhibition, thus restoring the initial I Ca . On other hand, Fig. 7B shows an example cell that presents strong tonic inhibition at rest that prevents the effects of ATP and opioids. Under these conditions, the application of suramin plus naloxone increased I Ca amplitude [46.4 Ϯ 9% (n ϭ 7), from 422 Ϯ 7 pA to 585 Ϯ 7; P Ͻ 0.05] as the result of the obliteration of tonic inhibition of I Ca by endogenously released ATP and opioids. These effects were observed in 60% of cells tested (8 out of 14) and were quickly reversed after antagonist washout. The remaining cells (6 out of 14) did not show a significant change in I Ca amplitude upon antagonist perfusion and were susceptible to modulation by the exogenous application of ATP and opioids. The separate application of the antagonist was unable to prevent the tonic inhibition of VDCCs (data not shown), in accordance with our previous study in isolated chromaffin cells (33) . The concomitant application of suramin and naloxone during the time indicated in Fig. 7B rapidly led to a 1.47-fold increment in the amplitude of I Ca , without changing its kinetic parameters. The maximal effect was reached during the first minute of perfusion. After washout of the antagonists, initial I Ca fully recovered within 10 s. Interestingly, the facilitation of I Ca revealed by depolarizing prepulses under control recording conditions (21 Ϯ 2%, n ϭ 8) disappeared completely with the application of suramin and naloxone (Fig. 7B, bottom) . The facilitation of I Ca by depolarizing prepulses returned after washout of the drugs.
Autocrine/paracrine modulation of I Ca is mediated by G proteins through a membrane-delimited pathway. G proteincoupled receptors play a critical role in negative feedback loops that modulate the activity of VDCCs in neuroendocrine cells (see Ref. 23 for a review) . In chromaffin cells, it has been demonstrated that both the endogenous downregulation (26) and the exogenous opioid-and ATP-induced inhibition (2, 29) of Ca 2ϩ channels are mediated by pertussis toxin (PTX)-sensitive G proteins (12, 24, 33) .
Intracellular dialysis of GDP␤S was capable of removing most of the basal autocrine/paracrine inhibition of Ca 2ϩ channels in mouse chromaffin cells in situ. Figure 8A exemplifies the gradual effect of the cellular dialysis with GDP␤S (1 mM added to the intrapipette solution) on I Ca amplitude as a function of time after breaking into the cell. The fast flow of external solution was insufficient to prevent I Ca inhibition induced by materials released by the neighboring cells, since GDP␤S significantly increased I Ca amplitude compared with that recorded immediately after breaking into the whole cell configuration (862 Ϯ 106 pA and 1-2 min thereafter 1,158 Ϯ 118 pA, n ϭ 8; P Ͻ 0.03), a 1.36-fold increase (Fig. 8A) . The delay in reaching maximal amplitude was probably due to diffusion restrictions near the pipette tip and, perhaps more importantly, to the time required for GDP␤S to replace completely all endogenous GTP (26). . A: superimposed current records elicited in the same cell by test pulses at the indicated voltages in 10 mM Ba 2ϩ , without (left) and with (right) a depolarizing prepulse to ϩ80 mV. Cells were clamped at Ϫ80 mV and depolarized to the test potential indicated over 50 ms at 10-s intervals; 30-ms prepulse to ϩ80 mV was applied 10 s before test pulse (). Note the increased current amplitude following the prepulse and the slower inactivation kinetics compared with control traces. B: I-V relationship obtained from current traces families as shown in A, elicited in 10 mM Ba 2ϩ solution from a holding potential of Ϫ80 mV to test potential between Ϫ60 and ϩ50 mV (50-ms pulse, 10-s intervals; continuous bath perfusion). The maximum current elicited during the voltage step was plotted against the potential before (Control) and after (Prepulse) the facilitatory prepulse. C: bar graph in which columns represent the average of prepulse-facilitated current (IBa) at the voltages indicated in the x-axis. Data are means Ϯ SE. Note that prepulse disinhibition (facilitation) is most noticeable at depolarizing potentials where non-L-type Ca 2ϩ channels activate. Data are means Ϯ SE. Comparison was made between Ϫ20 mV and all other voltages. **P Ͻ 0.001. Figure 8B compares I Ca recordings obtained with and without depolarizing prepulses during the course of the experiment shown in Fig. 8A . VDCC inhibition was maximal during the first seconds of recordings and then progressively diminished to nearly zero within the next 2-3 min (862 Ϯ 79 pA at time 0 s and 1,158 Ϯ 118 at time 150 s; see Fig. 8C ). By comparing the small fraction of I Ca disinhibition by the prepulse at the beginning of the experiment (14.5 Ϯ 0.6%) and the absence of The cell was held at Ϫ80 mV, and 50-ms pulses to 0 mV were applied at 10-s intervals. After blockade exerted by perfusion with 100 M ATP ϩ 10 M Met-enk, the application of suramin (100 M) and naloxone (10 M) reversed the agonist's effect. Drugs were applied during the time indicated by the horizontal bar. Bottom: current traces obtained by depolarization to 0 mV with () and without a 30-ms preconditioning pulse to ϩ80 mV in control conditions (left) and during agonist application (right). B: similar to A but performed in a cell insensitive to agonist application. Note that perfusion with ATP and Met-enk did not modulate the Ca 2ϩ current, whereas perfusion with the antagonists incremented the current amplitude. Note, in the presence of the antagonists, the large increase of ICa and the virtual absence of prepulse facilitation (bottom right).
Fig. 8. Inhibitory action on ICa mediated by purinergic and opioid receptors is prevented by guanosine 5=-[␤-thio]diphosphate (GDP␤S). A: time course for
ICa recorded in continuous perfusion of 10 mM Ca 2ϩ during the intracellular application of GDP␤S (1 mM). The cell was clamped at Ϫ80 mV, and 50-ms pulses to 0 mV were applied at 10-s intervals. Inset: representative current traces obtained at the beginning of the recording and after the progressive G protein inactivation by GDP␤S, as indicated by letters. B: Ca 2ϩ currents obtained by depolarization to 0 mV with () and without conditioning prepulses to ϩ80 mV in a cell immediately after breaking in (left) and 120 s after intracellular dialysis with GDP␤S (right). The first ICa recordings at 0 s were obtained soon after having established the whole cell recording conditions indicated by arrows. Note the strong inhibition observed under control conditions that was almost completely removed after 120 s of cell dialysis. C: amplitude of peak current (left) and % of current recovery (right) elicited by the facilitatory prepulse at the indicated times after breaking in. Data are means Ϯ SE. **P Ͻ 0.01, Student's t-test. such disinhibition after 2 min of intracellular dialysis with GDP␤S (Ϫ0.7 Ϯ 0.6%), despite the large increase in I Ca amplitude after 1-2 min, it is safe to conclude that the main fraction of I Ca inhibition is mediated by a voltage-independent mechanism (68%, n ϭ 8). In I-V curves obtained after 2 min of intracellular dialysis with GDP␤S, the application of depolarizing prepulses did not produce facilitation of I Ca , presumably because in the absence of G protein activity endogenous ATP and opioids are unable to inhibit I Ca (data not shown). The voltage-independent and fast modulation of Ca 2ϩ channels could be explained if microscopic membrane domains exist where receptor agonists, G proteins, and Ca 2ϩ channels interact directly without the involvement of diffusible second messengers (10, 14, 24) .
Voltage-independent modulation of L-type versus voltagedependent modulation of non-L-type Ca
2ϩ channels. ATP and Met-enk had pronounced inhibitory effects on I Ca that were independent of whether these agonists were tested alone or in combination (ϳ33%). We also demonstrated that only a fraction of this inhibition can be removed by depolarizing prepulses. Therefore, one may wonder whether the voltage dependence or -independence of the inhibition is related to effects of ATP and Met-enk on specific Ca 2ϩ channel subtypes. To evaluate this possibility we measured the inhibition produced by ATP and Met-enk on non-L-type Ca 2ϩ channels (those remaining after perfusion with 3 M nifedipine) and compared it with that produced on L-type Ca 2ϩ channels (those remaining after perfusion of 1 M -conotoxin GVIA ϩ 1 M -agatoxin IVA).
Nifedipine decreased I Ca amplitude by 40 Ϯ 6% (from 475 Ϯ 88 pA to 289 Ϯ 80 pA, n ϭ 8; P Ͻ 0.05). Then, with L-type Ca 2ϩ channels blocked, the application of ATP/Metenk caused an additional reduction of peak Ca 2ϩ currents of 44 Ϯ 5% (from 289 Ϯ 80 pA to 163 Ϯ 37 pA, n ϭ 8; P Ͻ 0.001) at 0 mV (Fig. 9A ). This effect developed quickly and was reversible upon washout. When chromaffin cells were first exposed to -conotoxin GVIA and -agatoxin IVA, the amount of I Ca inhibition was 51 Ϯ 3% (from 547 Ϯ 49 pA to 269 Ϯ 53 pA, n ϭ 8, P Ͻ 0.001; Fig. 9C ). The additional application of ATP/Met-enk produced a comparable degree of inhibition (34 Ϯ 3%, from 393 Ϯ 53 pA to 258 Ϯ 61 pA, n ϭ 8; P Ͻ 0.001). Again, the effect of ATP/Met-enk was complete within 10 s and fully recovered after 30-to 40-s washout. In most cells treated with the toxins, the slow phase of channel activation was either absent or small, compared with the activation observed when L-type channels were blocked by nifedipine. Prepulses to ϩ80 mV in nifedipine-treated cells almost completely removed I Ca inhibition produced by ATP and opioids (see Fig. 9B ). In contrast, in toxin-treated cells, depolarizing prepulses were unable to remove the inhibition produced by ATP/Met-enk (Fig. 9D) . These experiments strongly suggest that the inhibition of I Ca by ATP/Met-enk has two components: a voltage-independent mechanism involving L-type Ca 2ϩ channels and a voltage-dependent modulation of N-and P/Q-type Ca 2ϩ channels.
DISCUSSION
The main finding of this study is the demonstration that in their natural environment in the adrenal gland chromaffin cells have the capacity to autoregulate the activity of their VDCCs.
In this context, the idea that cells belonging to a cluster may communicate to coordinate their response during stress (52) fits well with our results. The control of the Ca 2ϩ flowing through VDCCs close to the exocytotic machinery must play a physiologically relevant role in shaping the exocytotic response (30, 58) . Such regulation is exerted by various neurotransmitters (25) and modulated by voltage (51). Fenwick et al. (27) first showed that strong depolarizing prepulses augmented I Ca in chromaffin cells. This current facilitation was associated with many neurotransmitters, receptors, and neurons (23) and shown to result from a downregulation exerted by a membranedelimited mechanism that was directly coupled to G proteins (24, 37, 40) .
Regarding the modulation of VDCCs by endogenously released ATP and Met-enk, our results show that mouse adrenal comprises two types of chromaffin cells, which we refer to as type A (unmodulated cells) and type B (modulated cells). Type A cells have little or no "intrinsic" tonic modulation, and so their I Ca has features similar to those seen in isolated chromaffin cells maintained in primary cultures (see Ref. 30 for review), i.e., 1) inhibition by exogenous application of ATP/ Met-enk (Fig. 4A) , 2) facilitation by a strong depolarizing prepulse (Fig. 4B), 3) inhibition by stop-flow and recovery from inhibition by a prepulse during stop-flow (Fig. 5) , and 4) stronger inhibition and prepulse facilitation with Ba 2ϩ instead of Ca 2ϩ as charge carrier (Figs. 5 and 6 ). Having an intrinsic sustained modulatory tone on I Ca , type B cells behaved differently in the following aspects: 1) there was a lack of I Ca inhibition by exogenous ATP/Met-enk (Figs. 4C, 7B) , 2) prepulse recovery from inhibition was similar in the presence and the absence of Met-enk (Figs. 4D, 7) , and 3) suramin/naloxone and cell dialysis with GDP␤S both caused a gradual augmentation of I Ca and abolished facilitation (Figs. 7, 8 ). These data support the presence in mouse intact adrenal medulla of chromaffin cells with an intrinsic modulatory mechanism of VDCCs. This mechanism is linked to the endogenously released ATP and Met/enk either from neighboring cells having spontaneous electrical activity (paracrine modulation) and/or from the patch-clamped cells that might be releasing those compounds during the application of depolarizing test pulses (autocrine modulation). However, with the unavoidable technical limitation that only superficial chromaffin cells at the slice surface will be patch clamped, we must consider the possibility that these cells under recording are stimulated, with consequent VDCC suppression, by ATP and opiates from neighboring damaged cells at the cut surface. However, we expect that after at least 2 h of washout and slice stabilization these effects would be attenuated.
Because ATP and Met-enk are present in chromaffin cell vesicles, a soluble lysate prepared from those vesicles was shown to inhibit I Ca in a voltage-dependent manner (2) . In other experiments, we tried to mimic the environment of the intact gland by seeding chromaffin cells at a density sufficiently high to allow the formation of clusters. When a cell under examination belonged to a cell cluster, strong inhibition and prepulse facilitation were seen when neighboring cells were stimulated by Ba 2ϩ or high-K ϩ solutions (35) . Our present experiments demonstrate for the first time that an autocrine/paracrine modulatory mechanism of I Ca does indeed exist in sliced adrenal medullary tissue, where conditions similar to those of the intact tissue are preserved.
Few studies have shown that chromaffin cells may exhibit electrical coupling in cell cultures and slices (52, 54, 57) . Thus splanchnic nerve stimulation of a few cells or even a single cell may give rise to a coordinated secretory response of all cells belonging to a cell cluster. However, we must consider the fact that all individual chromaffin cells are innervated by two or three splanchnic nerve terminals (19, 42) and that the sympathetic nervous system exerts a tight control of the catecholamine secretory response (22, 56) . The cholinergic stimulation desensitizes under sustained stimulation, but catecholamine release persists. Therefore, under these conditions an alternative neurotransmitter may support the synaptic chromaffin cell stimulation, and a recent paper focused attention on pituitary adenylate cyclase-activating polypeptide (PACAP) as the main candidate (46) . In this context, the release of catecholamines could be regulated by ATP and Met-enk that are costored and coreleased with them, acting in an autoinhibitory fashion of all cells of a given cluster.
In isolated bovine chromaffin cells, ATP markedly inhibits I Ca and catecholamine release in a parallel manner without altering either vesicle transport or the exocytotic machinery (59). However, in rat chromaffin cells in culture, ATP inhibits exocytosis by two mechanisms: depression of I Ca and direct action on the secretory machinery through a Ca 2ϩ -independent pathway (47) . In addition, it has been demonstrated that the increment in cAMP potentiates L-type currents (20%) and doubles the size of the readily releasable pool of vesicles (11) . Overall, these mechanisms lead to partial inhibition of Ca 2ϩ channels that should induce profound alterations of Ca 2ϩ influx, cytosolic Ca 2ϩ transients, and catecholamine release. In the adrenal medullae, with a selective differential innervation of chromaffin cells, the splanchnic nerve fires at a slow rate under resting conditions and the secretory products accumulate around the cells. This leads to a tonic inhibition of VDCCs that may act by limiting Ca 2ϩ influx and, consequently, catecholamine released at rest. However, in acute stress the sympathetic nervous system drastically increases chromaffin cell firing (42) . Repetitive action potentials will relieve the voltagedependent modulation on non-L-type channels that may furnish the Ca 2ϩ influx required for massive catecholamine release. If the stress condition remains, the voltage-independent inhibition of L-type calcium channels, which maintain a basal level of feedback control to limit hormonal oversecretion, could be reversed by activation of ␤ 1 -adrenergic receptors (17) , thereby enhancing catecholamine release. Some pathological conditions such as pheochromocytoma in which an oversecretion of catecholamines is observed may result from inappropriate Ca 2ϩ influx regulation (34) . In primary cultures of chromaffin cells, VDCC subtypes are expressed with different densities in various mammalian species; in bovine and humans P/Q-type channels are predominant, while in rat, cat, and mouse L-type channels predominate (1, 29, 36) . In the present study, the fraction of I Ca carried by each channel subtype was 49% for the L type, 27% for the N type, and 29% for the P/Q type. These percentages are close to those previously reported in primary cultures of mouse adrenal chromaffin cells under whole cell (36) or perforated-patch (4) configurations. Despite the different concentrations and type of divalent cation, stimulation patterns, or distinct preparations, it seems clear that in mouse chromaffin cells L-type channels contribute approximately half of the whole I Ca . However, care should be taken in considering the experimental conditions for establishing conclusions on the contribution of other Ca 2ϩ channel subtypes. In this study we found, using the perforated patch-clamp technique, that R-type channels accounted for 20% of I Ca , but, in agreement with Albillos et al. (3), we did not find any residual I Ca under the whole cell configuration. Furthermore, Chan et al. (18) , using the same experimental model and selective blockers under the perforated-patch configuration, concluded that the majority of Ca 2ϩ entry is through R-type channels.
A significant aspect of VDCC inhibition by neurotransmitters in mouse adrenal slices is its extremely weak voltage sensitivity compared with other species, where the downmodulation is largely removed by strong depolarizing prepulses because a less prominent abundance of L-type channels is present. Thus voltage-dependent modulation is mostly restricted to non-L-type Ca 2ϩ channels in both neurons (9, 21) and neuroendocrine cells (35) . On the other hand, voltage-independent inhibition has been associated with N-type channels (49) and P-type channels (63) but mainly with L-type channels in neurosecretory cells (2, 33) and in peripheral and central neurons (8) . However, a significant variability for the modulation of L-type channels has also been described. L-type channels either do not respond to neurotransmitters (21, 53) or are depressed by ACh in a PKAand PKC-independent manner (7). Facilitatory pulses through both cAMP-mediated channel phosphorylation (61) and conditioning pulses (45) potentiate L-type channels. These different modulatory pathways seem to be related to the expression of various L-type channel isoforms, ␣ 1C and ␣ 1D (5) , that in turn may be coupled to different members of the G protein family and VDCC subunits.
In conclusion, these results support the notion that I Ca is tonically inhibited at rest in a fraction of chromaffin cells in situ through a membrane-delimited mechanism that involves a shared pool of G i/o proteins that result from the activation of purinergic and opiate receptors by endogenously released ATP and opiates. This inhibition occurs by two separate mechanisms, a voltage-dependent mechanism that can be revealed by the application of depolarizing prepulses and a voltage-independent mechanism not reversed by prepulses. With this study we hope to have contributed to better knowledge of the regulatory process that controls neurotransmitter and hormone release from cells in their relatively undisturbed environment, the intact slice. Furthermore, our study opens the field of Ca 2ϩ channel modulation to the use of genetically modified mouse models, in line with a recent work on L-type channel upregulation by cAMP/PKA in cultured mouse chromaffin cells (50) .
